Cultivated forms of potato contain varying amounts of anthocyanins and carotenoids in the tuber skin and fl esh (Gross, 1991; Mazza and Miniati, 1993) . Potatoes have acylated glycosides of several aglycons: pelargonidin, petunidin, malvidin, and peonidin Fossen and Andersen, 2000; Fossen et al., 2003; Rodriguez-Saona et al., 1998) . The carotenoids are xanthophylls, including predominantly lutein, violaxanthin, and zeaxanthin (Brown et al., 1993; Iwanzik et al., 1983) . Outside of the center of origin of cultivated potato in the Andes of South America, it is rare to fi nd cultivars with anthocyanin pigments conferring red or purple fl esh. However, much of the worldʼs production is occupied by yellow-fl esh potatoes, which have higher total carotenoid than the white-fl esh cultivars of North America and Great Britain. Genetic control of presence and absence of anthocyanins is monogenic, although the completeness of anthocyanin distribution in pigmented fl esh may be under complex genetic control De Jong, 1991) . White vs. yellow fl esh is thought to be under single gene control, while gene maps agree on the placement of this yellow-fl esh factor (Y/y) on homolog 3 (Bonierbale et al., 1988; Gebhardt et al., 1989) . White and yellow-fl esh potatoes have similar composition of carotenoids, however, the yellow color of the latter group is due to higher concentrations (Brown et al., 1993; Gross, 1991) .
Renewed interest in the pigmented fl esh of potatoes stems from two sources. There is a growing market for specialty potatoes in the United States, which are in a "value added" category and therefore attractive commercially (Brown and Sorensen, 2003) . Second, both anthocyanins and carotenoids are antioxidants in the human diet, and the development of potato cultivars with substantially higher concentrations offers a new rationale to promote consumption. Diets high in foods with high antioxidant values are associated with reduced incidence of certain cancers, heart disease, and macular degeneration (Cao et al., 1999; Hertog et al., 1993; Knekt et al., 1996; Wang et al., 1999) . New potato cultivars with enhanced antioxidant capacity due to increased pigment content would be attractive nutritionally and might open new market niches.
The purpose of this study was to determine the range of pigment contents of potatoes with high levels of anthocyanins and/or carotenoids together with their associated antioxidant measurements derived from hydrophilic and lipophilic extraction and antioxidant measurement methods, respectively.
Materials and Methods

GENETIC MATERIALS.
The potato clones selected for this study consist of named cultivars and selections from the USDA/ARS breeding program at Prosser, Wash., which emphasizes pigments with antioxidant properties. Cultivars and breeding lines with dark yellow, light yellow, and white fl esh were included. Breeding lines with red and purple fl esh indicative of high anthocyanin content were included in the study. All materials were grown in the fi eld at the Irrigated Agriculture Research and Extension Center, Prosser, Wash. Cut tuber seed, ≈57 g in weight, was sown 15 May and the foliage killed 15 Sept. 2002 by mechanical beating, and tubers were harvested with a single-row tractor-drawn mechanical digger on 1 Oct. Standard fertilization protocols (112-224-336 kg·ha -1 , elemental N, P, and K) at planting were followed. Colorado potato beetle [Leptinotarsa decemlineata (Say)] was controlled by applications of carbamate insecticide. Late blight [Phytophthora infestans (Mont.) de Bary] was controlled by applications of chlorothalonil. Tubers were harvested and maintained at 10 °C at 95% relative humidity for 2 months before freezing in liquid nitrogen.
ANTHOCYANIN (HYDROPHILIC) EXTRACTION. Anthocyanin extraction followed the protocols outlined in Durst and Wrolstad (2001) as modifi ed by . Briefl y, tubers were diced into 1-cm cubes with skin and frozen immediately in liquid N 2 . Anthocyanins were extracted from liquid N 2 -frozen tissue that was ground to a powder with liquid N 2 . The frozen powder was extracted by a 70% acetone : water (v/v) mixture, accompanied by hot water bath boiling to de-activate polyphenol oxidase. The acetone-water solution was partitioned with chloroform to remove lipophilic compounds and the acetone-water fraction was retained for anthocyanin analysis.
Monomeric anthocyanin content was determined using the pH-differential method (Giusti and Wrolstad, 2001) . Pigment content was calculated as cyanidin-3-glucoside using an extinction coeffi cient of 26,900 L·cm -1 ·mol -1 and molecular weight of 449.2 g·mol -1 (Giusti and Wrolstad, 2001) .
HYDROPHILIC ORAC MEASUREMENTS. Oxygen radical absorbance capacity (ORAC) is a measure of the capacity of an antioxidant to delay the oxidation of a target molecule. ORAC is the measure of the decay of fl uorescence of a certain fl uorogen in the presence of a radical generating compound and antioxidants. The assay is performed in a fl uorometer that measures the decay over time at 2-min intervals. Antioxidant value is derived from an area under the curve (AUC) calibrated to a standard antioxidant. The technique used for anthocyanins was derived from Cao et al. (1993 Cao et al. ( , 1995 . Briefl y, β-phycoerythrin (P-1286; Sigma-Aldrich Co., St. Louis) was used as the fl uorogen; 2,2´azobis(2-amidinopropane) dihydrochloride (AAPH; Wako Chemicals USA, Richmond, Va.) was used as the radical generator; and Trolox [(±) 6-hydroxy-2,5,7,8 tetra-methylchromane-2-carboxylic acid (catalog no. 36510; Fluka Chemie, Steinheim, Germany)], a water-soluble analog of α-tocopherol, was used as the standard. The test was performed on a CytoFluor 4000 fl uorometer multiwell reader (PerSeptive Biosystems, Framingham, Mass.) over 2 h with fl uorescence measurements taken every 2 min. AUC was converted to micromoles Trolox equivalents per 100 g fresh weight (FW).
CAROTENOID (LIPOPHILIC) EXTRACTION.
Fresh tubers with skin were chopped into 1-cm cubes, frozen in liquid N 2 , and stored at -80 °C. Tissue was ground either in mortar and pestle or blender (model 51BL32; Waring Commercial, Torrington, Conn.) with liquid N 2 and the frozen powder stored at -80 °C. About 250 mg of frozen powder was placed in a tared 1.5-mL tube containing 500 µL of 1 methanol (MeOH) : 1 chloroform (CHCl 3 ) and reweighed to determine exact fresh weight. The mixture was vortexed 15 min and 250 µL of aqueous 50-mM Tris (Trizma Base, T1503; SigmaAldrich), pH = 6.5, 1 M NaCl, was added, vortexed, and centrifuged for 10 min at 13,000 g n . The CHCl 3 layer was transferred to a new tube and 400 µL 100% CHCl 3 was added to the remaining aqueous fraction. This was vortexed for 15 min and centrifuged for 10 min at 13,000 g n . A third extraction was found to be devoid of carotenoid by absorbance measurement and was omitted. The fi rst and second CHCl 3 extractions were combined. The extract was dried under vacuum in a SpeedVac Concentrator (model SVC-100H; Savant Instruments, Farmingdale, N.Y.) without heat, for 30-45 min. Methanol was added to each tube (150 µL) and the pigments were re-suspended by repetitive pipetting. The resulting solution was diluted as needed and scanned from 500 to 400 nm, recording peak wavelengths and absorbances. The concentration of total carotenoid was calculated using the following formula from van Breemen (2001) . E 1% is the OD 450 of a 1% w/v solution. E 1% = 2480 for zeaxanthin in methanol. µg/100 g FW = (A λmax × dilution)/E 1% ) × (10 µg·µL -1 ) × (150 µL·g -1 FW extracted) × 100. µmol/100 g FW = (µg/100 g FW)/(569 µg·µmol -1 ); (molecular weight of zeaxanthin = 569).
ORAC OF CAROTENOID (LIPOPHILIC) EXTRACT. The lipophilic nature of carotenoids required adapting the ORAC assay to accommodate performing it in a polar solvent with an adjuvant to solubilize the carotenoids. The method used was a modifi cation of the procedure by Huang et al. (2002) . This method measures the decay in fl uorescence of fl uorescein (#6377, Sigma-Aldrich), in the presence of a lipophilic antioxidant, solubilized by complexing with randomly methylated cyclodextrin (RMCD, Cat No. TRMBT, Cyclodextrin Technologies Development, High Springs, Fla.), and the radical generator, AAPH. Briefl y, after re-solubilization in MeOH, 25 µL of each carotenoid sample was diluted into 175 µL of 10% RMCD in 20 mM Tris, pH = 7.4. This was incubated at 37 °C for 1 h and dried in the SpeedVac ≈1 h. The residue was re-suspended in 175 µL water, 25 µL of 10% RMCD was added, and the solution incubated at 4 °C overnight. The mixture was diluted as required to conform to the calibration limits of the ORAC test. Roughly speaking, dilutions were 8-, 16-, 32-, and 64-fold for <100, 100 to 500, 500-1000, and >1000 µg/100 g FW of total carotenoid, respectively. Alphatocopherol (T-3251, Sigma-Aldrich) was used as the standard and was prepared by diluting 15 µL of a 20-mM stock into 485 µL 10% RMCD in 20 mM Tris, pH = 7.4, and incubating at 37 °C for 1 h. The standard solution was dried in a SpeedVac for ≈1 h and brought to 600 µM by adding 500 µL of water. Twenty microliters of 600 µM α-tocopherol in a reaction volume of 300 µL produced the 40-µM calibration standard level. Serial dilution of the 600-µM α-tocopherol standard with 10% RMCD was used to produce the 20-, 10-, and 5-µM calibration levels, and a blank buffer (0 µM) was included. Standards were also incubated at 4 °C overnight.
For the ORAC assay, triplicate samples of 20 µL of diluted sample or standard were transferred to wells of a 96-well plate and 260 µL of 5 nM fl uorescein in 20 mM Tris, pH 7.4, were added to each well. The plate was prewarmed by incubating at 37 °C for 10 min. Free radical generation was initiated by adding 20 µL of freshly made 20 mM AAPH in 40 mM Tris, pH = 7.4, to each well. Fluorescence readings were taken every 2 min for 150 min using a CytoFluor 4000 fl uorometer multi-well reader with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. The AUC of samples was regressed against the α-tocopherol calibration standards to obtain "nmoles per 100 g FW α-tocopherol equivalents" as a measure of antioxidant level.
STATISTICAL ANALYSIS. In all cases, two replications of separately extracted tuber samples were analyzed. The data were subjected to a one-way analysis of variance and means separated using the Duncanʼs multiple range test. Means not sharing the same letter are signifi cantly different at the P < 0.05 probability level. Orthogonal comparisons were planned to test total carotenoid and lipophilic ORAC between the different categories of white and yellow-fl esh potatoes. The linear regression and correlation of ORAC on respective total pigment concentrations were calculated and the signifi cance of the correlation coeffi cient, r, and the linear regression slope (b) was determined using Studentʼs t test (Steele and Torrie, 1980) .
Results
The cultivars displayed in Table 1 are composed of four groups, light yellow-fl esh cultivars (LY), dark yellow-fl esh breeding lines (DY), red-and yellow-fl esh breeding lines (R&Y), and white-fl esh cultivars and breeding lines (W). The light yellow cultivars have total carotenoids ranging from 101 to 271 µg per 100 g FW. In contrast, the dark yellow breeding lines range from 509 to 795 µg per 100 g FW. The dark yellow breeding lines have three to four times higher total carotenoids than the light yellow cultivars. The red and yellow-fl esh breeding lines range from 109 to to Table 3 . The level of carotenoids in these clones is in the range of the white-fl esh cultivars with the exception of the PA99P32-5 and POR00PG 3-1, which are in the range of light yellow-fl esh clones. The total anthocyanin values range from 15 to 38 mg/100 g FW while ORAC values range from 250 to 1420 µmol Trolox equivalents/100 g FW. There is a signifi cant linear regression Y = 5.608X + 4.86, where Y is hydrophilic ORAC and X is total carotenoids. The test of signifi cance of the regression line slope indicates signifi cance where the test alternative hypothesis H a : β ≠ 0 is Studentʼs t (β ≠ 0, df = 17) = b/s b = 4.40, P < 0.001. The correlation coeffi cient is signifi cant, r = 0.73, P < 0.01, and the coeffi cient of determination r 2 = 0.53. This relationship explains about one-half of the co-variation, which implies that there are other compositional factors in the extract that affect the ORAC value. There was no signifi cant difference found among carotenoid ORAC values in these materials.
Discussion
Novel potato genotypes with high levels of either anthocyanins or carotenoids also display elevated antioxidant values. The ORAC of the aqueous extracts of genotypes with the highest levels of anthocyanin are roughly three times higher than standard commercial white-fl esh cultivars (Tables 1 and 3) . The ORAC values of lipophilic extracts of dark yellow potatoes are roughly twice as high as white-fl esh cultivars and breeding lines (Table 1) . In both pigment classes co-variation of pigment content and ORAC value of extracts is statistically signifi cant. The clones analyzed here have been developed in a breeding program that has sought to increase both pigment classes from selected germplasm. The breeding scheme along with identifi cation of signifi cant germplasm sources is shown in Fig. 1 . Important founding genetic sources of pigmentation are presented in dashed-border boxes. Our results suggest that white and varying intensities of yellow are distinguishable into three distinct groups, white, light yellow, and dark yellow, on the basis of total carotenoid content. White fl esh ranges from 40 to 100 µg per 100 g FW, light yellow fl esh from 100 to 250 µg, and dark yellow fl esh from 525 to nearly 795 µg. Lu et al. (2001) found high total carotenoid levels in their most highly pigmented materials, ranging from 1435 and 2200 µg per 100 g FW. Nesterenko and Sink (2003) reported the carotenoid levels of white-, yellow-, and orange-fl esh potato. The genotypes they analyzed had total carotenoids ranging from 48 to 879 µg. The high carotenoid materials in this study originate from Papa Amarilla (yellow potato cultivars) germplasm of South America. The parent 91E22 was selected from a Solanum phureja Juz. et Buk and S. stenotomum Juz. et Buk populations developed by Dr. Frank Haynes of the Dept. of Horticulture of North Carolina State Univ. The dark yellow clones in this study comprise both diploids and tetraploids (2n = 2x = 24 and 2n = 4x = 48, respectively). The yellow-fl esh trait was introduced into the tetraploid gene pool by means of 4x-2x and 2x-4x crosses made possible by 2n gamete production in the Papa Amarilla diploid parent, 91E22. The breeding line PA991-2 (Table 1) is diploid (2n = 2x = 24) with high levels of carotenoid derived from a 2x-2x cross originating from Papa Amarilla parents 91E22 and ADX9306-1R/Y (provided by Dr. Joseph Pavek, of USDA/ARS, Aberdeen, Idaho). PA99P2-1 (Table 1) is a tetraploid derived from 2x-4x cross between ADX9306-1R/Y and cv. All Red. Tetraploid Papa Amarilla derivatives were produced by means of 4x-2x crosses of light yellow-fl esh tetraploids with Papa Amarilla diploid parents [e.g., cv. Granola (4x, light yellow fl esh) × 91E22 (2x, dark yellow fl esh) produced progeny PA99P11, Table 1 ]. The breeding clones POR00PG4-1 and POR00PG4-2 derived from the 4x-4x cross between light yellow fl esh cv. Granola and the red fl esh NDOP5847-1 resulted in dark yellow-fl esh and light yellow-fl esh segregants, respectively (Table 3) . Red fl esh types originated from two tetraploid sources. The parent PA96RR1-405 was selected from red-fl esh segregants arising from materials provided by Dr. Robert Johansen of the Dept. of the Crop Science of North Dakota State Univ. (NDSU). The red-fl esh trait appears to be derived from the breeding line ND4255-3R (no longer available) generated in the NDSU program. A second source of red fl esh, N40-1, was obtained from Robert Plaisted of the Dept. of Plant Breeding and Biometry of Cornell Univ. Combined red-and yellow-fl esh selec- z LY = light yellow fl esh, DY = dark yellow fl esh, W = white fl esh, RY = Red and yellow fl esh. NS Nonsignifi cant. Fig. 1 . This diagram traces the development of potato germplasm with enhanced levels of anthocyanins and carotenoids. Important sources of high carotenoid, originating from Papa Amarilla cultivars, and of red and purple fl esh are shown in dashed text boxes. High carotenoid levels were introgressed into the tetraploid gene pool by sexual polyploidization, 4x-2x and 2x-4x crosses. Red anthocyanin was combined with high carotenoid levels by 4x-2x crosses. Some red-fl esh types have light yellow-fl esh levels of carotenoids, although the fl esh appears to be red only. Purple was introduced from an unpigmented breeding line that carried the P gene in unexpressed form, as the I-locus was in the nulliplex state, iiii. tions, which contain high levels of red anthocyanin and levels of carotenoid similar to light yellow-fl esh cultivars, were progeny of the 4x-2x cross PA96RR1-405 × 91E22 (breeding lines from family POR00PG9, Table 1 ). Although there is a signifi cant correlation between total carotenoid and lipophilic ORAC and the linear regression equation has a signifi cant non-zero slope, it is plausible that non-carotenoid components of the chloroform fraction may also contribute to the antioxidant values as evidenced by a coeffi cient of determination variation of r 2 = 0.53. Generally, high anthocyanin clones have carotenoid levels similar to white-fl esh clones. The clones of family POR00PG9 in Table 1 are exceptions. They have a swirled anthocyanin pattern with yellowish background, and hence visually suggest the presence of both pigments, a contention that is borne out by the Cao et al. (1996) , using white-fl esh potato as standard from within that study.
x Data from this study, Table 2 , using white-fl esh potato values from Table 1 as standard. Both studies measured ORAC of water-soluble components in water-acetone extracts. ORAC was performed using AAPH (peroxyl radical generator), β-Phycoerythrin (fl uorogen), and Trolox as calibration standard. such as polyphenolics and ascorbic acid are contributing to the antioxidant values. A comparison of antioxidant values of water-soluble extracts from different vegetables and red-and purple-fl esh potatoes analyzed in this study is presented in Table 4 . The antioxidant values are expressed as a percent ratio of white-fl esh potato. The severalfold range demonstrates that anthocyanin-rich potatoes exceed white-fl esh potato, from 183% and 186% for light red fl esh and purple fl esh, respectively, to 330% for dark red fl esh. This places high anthocyanin potatoes in a category with common vegetables already known as sources of antioxidant components. The concentration of anthocyanins in the potato measured in this study are compared with food items with similar levels of anthocyanin (Table 5 ). These potatoes compare well with certain small berries, most prominently strawberries (Fragaria ×ananassa Duch.), and also are similar to red wine in anthocyanin content.
Many vegetables are extremely rich sources of carotenoids. White-fl esh potato is, therefore, not a particularly concentrated source compared to broccoli (Brassica oleracea L. Gemmifera Group), for example. However, certain vegetables have total carotenoid contents similar to dark yellow-fl esh potato (Table  6 ). Vegetables with total carotenoid contents similar to dark yellow-fl esh potatoes include cabbage (Brassica oleracea L. Capitata Group), green pepper (Capsicum annuum L.), winter squash (Cucurbita maxima Duchesne), and watermelon [Citrullus lanata (Thunb.) Matsum. and Nakai].
The new information presented in this study shows that it is possible to select potato breeding lines that exceed already established cultivars substantially in antioxidant values engendered in major part by anthocyanins and/or carotenoids. Potato cultivars are often either rich in anthocyanins or in carotenoids, but our breeding results indicate that breeding lines rich in both are possible. Both categories of pigments are ubiquitous in plants eaten by man. The consumption of antioxidants is correlated with lessened heart disease and reduced frequency of certain cancers. An argument for putting colored food items back into the diet has been made on health grounds (Joseph et al., 2002) . However, potato is only tentatively considered a food rich in antioxidants. The present data permit a reconsideration of this status. data. However, clones PA99P32-5 and POR00PG 3-1, shown in Table 3 , although solidly red in appearance, have carotenoid levels closer to light yellow range of Table 1 . PA99P32-5 is a selection of a cross between two red-fl esh parents PA96RR1-220 × cv. All Red, but POR00PG3-1 is a case of a 4x (red fl esh)-2x (dark yellow) cross (N40-1 × 91E22). The purple-fl esh trait originated from the breeding line A77715-6, which is itself not purple fl eshed, but harbors the P gene in an unexpressed state due to epistatic infl uence of the I locus.
The technique for anthocyanin extraction retains anthocyanins and other phenolics in the aqueous fraction. It is apparent that redand purple-fl esh cultivars have a range of anthocyanin contents, from 9.5 to 38 mg per 100 g FW (Tables 1 and 3) . A coeffi cient of determination of r 2 = 0.59 also leaves open the possibility that non-anthocyanin components may contribute to the antioxidant level. The dark yellow-fl esh clones of Table 1 also have elevated antioxidant values in the hydrophilic fraction but this is unlikely to be caused by anthocyanins, suggesting that colorless compounds
